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Based on a systematic analysis of the thermal evolution of the resistivities of Fe-based chalco-
genides Fe1+δTe1−xXx (X= Se, S), it is inferred that their often observed nonmetallic resistivities
are related to a presence of two resistive channels: one is a high-temperature thermally-activated
process while the other is a low-temperature log-in-T process. On lowering temperature, there are
often two metal-to-nonmetall crossover events: one from the high-T thermally-activated nonmetal-
lic regime into a metal-like phase and the other from the log-in-T regime into a second metal-like
phase. Based on these events, together with the magnetic and superconducting transitions, a phase
diagram is constructed for each series. We discuss the origin of both processes as well as the as-
sociated crossover events. We also discuss how these resistive processes are being influenced by
pressure, intercalation, disorder, doping, or sample condition and, in turn, how these modifications
are shaping the associated phase diagrams.
I. INTRODUCTION
It is remarkable that the normal-state resistivities of
Fe1+δX (X= Te, Se, S, or their solid solutions)
1–4 as
well as those of intercalated AxFe2−ySe2 (A=K, Rb,
Cs, Tl, ..)5–7 are neither truly metallic nor truly in-
sulating. It is also remarkable that the normal-state
and superconducting phase diagrams of these chalco-
genides are highly irreproducible and markedly differ-
ent from one another. In fact, reported resistivities of
the very same stoichiometric compound do not show the
same thermal/magnetic/baric/concentration evolution,
ρ(T,H, P, x), or the same crossover/transition events. It
is then no surprise that these phase diagrams (being con-
structed out of such characterization) manifest a strong
dependence on sample condition or history.1–4
Although an earlier electronic structure calculations
predicted a low-carrier-density metallic character,8 the
isomorphous Fe1+δX compounds exhibit a variety of
normal-state behavior: Fe1+δS is nonmetallic below
TMNM ∼300 K [Ref.9] but TMNM can be strongly re-
duced by pressure.10 Fe1+δSe is a nonmagnetic metal,
undergoes a structural phase transition at TS ∼90 K,
and superconducts at Tc ∼8 K.
11 Finally, Fe1+δTe is a
nonmetallic paramagnet above a magnetic and structural
transition at TMS ∼70K while a metallic antiferromagnet
(AFM) below TMS .
12,13
In this work we address the above mentioned bad
metallicity of Fe1+δX1−xYx chalcogenides. Based on the
analysis of their resistivities and on the obtained phase
diagrams, we identified two processes that are responsi-
ble for their bad metallic character as well as for shaping
their phase diagrams: the first is a high-temperature (150
to 300 K) thermally-activated process14 while the other
is a low-temperature (< 100 K) log-in-T process.15
II. GUIDELINES FOR ANALYZING ρ(T, P, x)
In order to rationalize the variety of functional forms
of ρ(T, P, x) and, in addition, so as to identify and evalu-
ate the strength of the involved resistive channels, let us
assume, based on earlier studies,16–19 that the character
of their normal-state is shaped by the combined influ-
ences of crystalline electric field interactions, electronic
correlations, disorder, and band filling: based on the
strength of these factors, the high-temperature (T >100
K) normal state could be either metallic, Mott insulator,
or an intermediate orbital-selective Mott phase (OSMP)
wherein some of the Fe 3d orbitals are localized while the
others are itinerant.14,16–19 The high-T phase of most of
the studied intercalated AxFe2−ySe2 (as well as most of
Fe1+δX1−xYx, see below) compounds is reported to be
an OSMP.14,16–19 We assumed that, within this OSMP,
localized states are separated from itinerant ones by a
mobility edge at Ec.
20 Then the thermal evolution of the
resistivity depends on the relative strength of |Ec − EF |
with respect to kBT : if Ec is not located in the 3d multi-
plet or that |Ec − EF | > kBT , then transport is effected
by a thermally-assisted hopping among the localized or-
bitals leading to a Mott variable range hopping resistivity
(VRH):
ρ(T ) = ρvrh0 exp([Tvrh/T ]
1
d+1 ), (1)
where d=2 (3) represents a 2- (3-) dimensionality
and all other terms have their usual meaning. If
|Ec − EF | < kBT , as assumed for the under-study Fe-
based compounds, then ρ(T ) is governed by the Arrhe-
nius process:21
ρ(T ) = ρA0 exp(|Ec − EF | /T ) = ρ
A
0 exp(△/T ). (2)
Previous studies on these OSMPs reported that, due
to the characteristic arrangement of the energy levels
2of the involved Fe-3d-orbitals as well as due to entropy
arguments, a lowering of temperature often leads to a
temperature-induced crossover (OSMT) from an OSMP
into a metallic phase at THTX .
14,16
In addition to the activated high-temperature pro-
cess, the low temperature resistivities of various
chalcogenides3,22,23 are reported to exhibit another pro-
cess which, in most cases, can be approximated as a log-
in-T contribution:
ρ(T ) = ρLTo [1 + S ln(To/T )], (3)
the logarithmic slope S is a measure of the intensity of
the process while To and ρ
LT
o are characteristic, here
experimentally-determined, parameters. In contrast to
the activated process, the origin of such a log-in-T be-
havior is not well studied; as such this will be discussed
below after the analysis of our results.
Depending on the relative strength of the above-
mentioned two resistive channels, ρ(T ) would assume a
variety of functional forms: ∂ρ
∂T
would be positive for
a metallic character while negative for any nonmetallic
contribution.24,25 In addition, ∂ρ
∂T
would be helpful in
identifying transition/crossover events (e.g. a metal-to-
nonmetal,MNM , crossover is manifested as a maximum
in the resistivity: ∂ρ
∂T TX
=0). In general, on cooling, two
crossovers may be observed: one from the high-T ac-
tivated regime into a metal-like phase (metal-I) at THTX
and another from the low-T log-in-T regime into a metal-
like phase (metal-II) at TLTX (see below); it is emphasized
that, for Fe1+δ(Te1−xSex) 0.1 ≤ x ≤ 0.5, both T
LT
X and
THTX events (see also Refs. 3, 26, and 27) are not accom-
panied by any visible symmetry-breaking process.
III. RESULTS
Samples preparation, annealing, and measurements
(namely structural, elemental, magnetization and resis-
tivity) of FeTe1−xSex and FeTe1−xSx series were the
same as the ones reported in previous works.28 The
above-mentioned resistivity analysis was applied to the
measured curves of these samples: this analysis can be
readily extended to other chalcogenides.
Figure 1 show ρ(T ) curves of two, representatives,
oxygen-annealed FeTe1−xSex samples. A closer look at
Fig. 1(b) reveals that ∂ρn
∂T
(45 < T < 300K) exhibits,
approximately, two negative values; each is taken to indi-
cate a distinct resistive channel, stemming from a distinct
origin, operating within a distinct temperature region,
and has a distinct thermal evolution: the one operating
within 150< T <300K is an activated process (see above)
while the other, operating below 100K, is a log-in-T pro-
cess.
The thermal evolution of the activated process is ex-
hibited in Figs. 1(d, h). In spite of the polycrystalline
form and the limited temperature range available for this
behavior, a fit ρ(250< T <300K) to Eq. 1 [see Fig. 1(h)]
indicates a simple Arrhenius expression of Eq. 2 wherein
the effective single parameter △ is taken to represent a
mean localization energy separating the Fermi level from
the closest mobility edge.21 For the particular case of
FeTe1−xSex, this △ ∼40 K is, roughly, the same for all
x [see Fig. 2(c)]: such a △ should not be confused with
that of an activated semiconductivity.
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FIG. 1. Normalized ρn ≡ ρ/ρ300K curves of FeTe0.925Se0.075
(a-d) and FeTe0.6Se0.4 (e-h). (a, e) ρn vs T curves. (b, f)
∂ρn
∂T
vs T curves showing the crossover at TLTX and T
HT
X whereat
∂ρn
∂T
=0. (c,g) ρn vs T curves in a linear-log plot. The solid
lines is a fit to Eq. 3. S(x) is shown in Fig. 2(c). (d,h) ρn
vs T curves in a log-reciprocal plot. The solid, dashed and
dotted lines are, resp., a fit to Eq. 2, Eq. 1 (d=2) and Eq.1
(d=3). Notice that THTD is the lower point at which ρn(T )
starts to deviate away from Eq. 2 while TLTD is the upper
deviation point from Eq. 3. The cross symbols in (e) and (g)
represent the resistivity of the as-prepared sample: annealing
in O2 reduces the two resistive contributions (also evident in
e.g. Ref. 29) [here Sas-prep=0.089(3) while SO2=0.013(1)].
On the other hand, Figs. 1(c, g) indicates that
ρ(TLTX < T < T
LT
D ) follows Eq. 3;
22,30 wherein S, the
only fit parameter, is shown in Fig. 2 (c).
In addition to the manifestation of two resistive chan-
nels, ρ(T, x) of FeTe1−xSex show some other finer de-
tails: (i) ρ(T, x < 0.1) curves are different from the
ones with 0.1≤ x ≤0.5: the dividing line, x ∼0.1, co-
incides with the concentration beyond which the mag-
netism is suppressed.1–3 (ii) ρ(T, x < 0.1) starts to de-
viate away from Eq. 2 at THTD ; on further cooling,
ρ(T, x < 0.1) exhibits a sharp drop at TMS(x) (related
to the reported magnetic and structural transition31) fol-
lowed by a metallic behavior. On cooling well below
TMS , ρ(T < TMS , x < 0.1) exhibits the transitions as-
sociated with weak and bulk superconductivity.1,2 (iii)
ρ(T, 0.1 ≤ x ≤ 0.5) exhibits also a deviation from Eq. 2
at THTD , followed by a crossover into a metallic state at
THTX (x) [see Fig. 1(f)]. On further cooling, the resistiv-
ity once more exhibits the log-in-T behavior, a crossover
into a metallic state at TLTX (x), and finally, the bulk su-
3perconductivity at T zeroc .
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FIG. 2. (a) A phase diagram of FeTe1−xSex (0≤ x ≤ 0.5,
annealed in O2). (b) The x-dependence of the closely-spaced
T zeroc , T
onset
c and T
LT
X events: in spite of their closeness, the
metallic state is (re)established well before the onset of su-
perconductivity. (c) Left ordinate: △ versus x (the determi-
nation of △ and TV RH is strongly influenced by the choice
among Eqs.1 or 2 and among the limits of the available T -
range). Right ordinate: the logarithmic slope S(x) as ob-
tained from the fit of Eq. 3.
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FIG. 3. (a) The phase diagram of as-prepared FeTe1−xSex
(0 ≤ x ≤ 0.5). The difference between this diagram and
that of oxygen-annealed one (Fig. 2) emphasizes the role of
annealing and oxygen intercalation in shaping the normal and
superconducting states of these chalcogenides. (b) Effective
△ versus x as obtained from the fit of Eq.2 within 250 ≤ T ≤
300 K. (c) S versus x as obtained from the fit of Eq. 3.
All the above-mentioned resistivity events of oxygen-
annealed FeTe1−xSex samples are collected in Fig. 2: in
addition to the transitions at TMS and T
zero
c and the
crossovers at THTX and T
LT
X , we also include T
HT
D and
TLTD . Similar analyses were carried out on the resistivi-
ties of as-prepared FeTe1−xSex samples as well as those of
FeTe0.8S0.2 (representative of FeTe1−xSx): the obtained
phase diagrams are shown, respectively, in Figs. 3 and 4.
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FIG. 4. (a) The time evolution of the superconducting, mag-
netic and transport properties of as-prepared FeTe0.8S0.2.
The resistivities and magnetizations (see Fig. 11 in Ref. 2)
were measured at the plotted time intervals while the sample
was being continuously exposed to air at ambient tempera-
ture. Similar phase diagrams can be obtained for other in-
tercalation processes. (b) Effective △ versus x as obtained
from the fit of Eq.2 within 250 ≤ T ≤ 300 K. (c) the evolu-
tion of ρLTo (left ordinate) and S (right ordinate) versus x as
obtained from the fit of Eq. 3.
The pressure influence on the superconducting and
normal-state properties of these chalcogenides was ex-
tensively studied [see e.g., Fe1+δTe,
32 Fe1+δSe,
33–39
Fe1+δS,
10 and Fe1+δ(Te1−xSex).
40–43] In general, ρ(Tc <
T <300K) is strongly reduced by P . It is noticed that,
even for pressures leading to amorphization,43 the evolu-
tion of ρ(Tc < T <300K, P ) does not support an inter-
pretation in terms of a closure of a semiconducting gap.
Rather, such an influence can be envisaged as a reduc-
tion of the two resistive channels and an enhancement of
the metallic state: For Fe1+δTe, the metallic state (sta-
bilized below TMS at ambient pressure) is enhanced to
∼240 K at 7 GPa,32 while for Fe1+δS, the metallic state
(stabilized above 300 K at ambient pressure) is extended
downwards to ∼70 K at ∼3 GPa.10
Finally, TN,mag and T
onset
c,mag, as determined from mag-
netization curves (not shown), are shown in the respec-
tive phase diagrams; evidently T onsetc,mag equals T
zero
c,ρ ; as
such T onsetc,ρ should not be taken as an onset of supercon-
ductivity, rather it is ∼ TLTX (see below).
4IV. DISCUSSION AND CONCLUSIONS
We showed a consistent and a unified analysis of
ρ(x, P, T <300K) based on consideration of an activated
and a log-in-T processes. Various x-dependent transi-
tion/crossover events (TMS , TN , T
zero
c , T
HT
X , T
LT
X , T
HT
D
and TLTD ) were identified and these points were used to
construct the corresponding x-T phase diagrams; that
these diagrams are topologically equivalent to the ear-
lier reported ones1–4,31,44–46 emphasizes the role of these
channels in shaping the phase diagrams.
The origin of the high-T activated process, as already
discussed, is related to the presence of an orbital-selective
Mott phase.14,16–19 A careful analysis of this process in
Fe1+δX suggests that Fe1+δS is at the vicinity of Mott
transition, Fe1+δSe is at a metallic side, while Fe1+δTe
and Fe1+δTe1−xYx solid solutions are at an intermedi-
ate orbital-selective Mott phase. A variation in any of
the control parameters (crystal structure, intercalation,
pressure, defects, or filling) would turn the normal-state
into either a metal-like, an activated OSMP, or a Mott
insulator.7,14,16–19 This was elegantly illustrated in the
case of AFe2−ySe2.
6,14
The origin of the low-T localization, on the other hand,
can be deduced from the scanning tunneling microscopy
studies of Machida et al.47 which revealed (at 4.2 K,
within the metallic state of Fe1+δTe) the presence of
an inhomogeneous distribution of local density of states
(LDOS) around the randomly-distributed defect centres
(suggested to be excess Fe): LDOS is increased around
these centres while depleted away from them. Scatter-
ing from such nonperiodic potentials is assumed to be
the cause of the low-T process.3,22,23,48,49 Indeed, the
strength of such a process is strongly controlled by the
concentration of defects: this is well illustrated in the
correlation of ρ(T < TMS) with δ in Fe1+δTe [48] as well
as in the correlation of S(x) (see Fig. 2) with the ex-
cess Fe or chalcogen deficiency.29 In general, the control
of scattering centres can be effected by annealing (Fig.
2 and Ref. 50), applying pressure (Refs.10, 32–43), or
intercalation (Fig. 4 and Ref. 2).
This defect-driven low-T process is manifested here as,
though not limited to, a log-in-T term; three possible
mechanisms can be suggested for this log-in-T behav-
ior: (i) a typical Kondo or any of the formally analo-
gous processes arising from scattering against nonmag-
netic degenerate-state impurities,51,52 (ii) Anderson weak
localization wherein defects lead to a coherent backscat-
tering of non-interacting electrons,53,54 or (iii) Altshuller-
Aronov15 weak localization wherein the system of in-
teracting electrons are subjected to a random poten-
tial. The following considerations elect the Altshuller-
Aronov weak localization process: First, these chalco-
genides are structurally formed from Fe2X2 layers that
are coupled to their neighbors by weak van der Waals
forces. Second, the observation of stronger correlation
effects in chalcogenides8 suggests a scenario of interact-
ing electrons in a random potential which may arise from
a randomly-distributed (paramagnetic and/or nonmag-
netic) impurities.
The identification of the origins of these two processes
makes it easy to trace down the influence of pertur-
bations (such as pressure, intercalation, annealing, ..)
on the boundary lines at TLTX and T
HT
X of the studied
phase diagrams. While the origin of the crossover at
THTX is already discussed, that of T
LT
X is most proba-
bly related to the fluctuation-induced formation of in-
coherent Cooper pairs which is favored by disorder and
lower dimensionality of chalcogenides:55,56 due to the on-
set of these fluctuations, the metallic-like character is
(re)established well before the onset of superconductiv-
ity (see Figs. 2, 3, 4). This feature is reminiscent of the
situation in both nonconventional underdoped HTc, see
e.g. Ref. 24, and conventional LTc superconductors.
55
Accordingly, TLTX may be identified as the onset point,
T ∗, of a pseudogap phase.30 It is emphasized that this
low-temperature disorder-driven metal-nonmetal transi-
tion is different from the high-temperature Mott metal-
nonmetal transition.
The competition between superconductivity and local-
ization, observed above, may be discussed in terms of
a competition between an attractive (Vp) and a repul-
sive (Vc) interactions. On assuming an effective cou-
pling λeff = λ − µ
∗ wherein λ = VpNEF and µ
∗ =
VcNEF
1+VcNEF ln(
ω
c
ωD
)
(all terms have their usual meaning),57
then (i) an increase in, say, disorder would augment
µ∗ which, being in competition with superconductivity,
would degrade and, above a critical value, eventually
quench the superconductivity.55 A further increase of dis-
order would eventually lead to a stronger Anderson-type
localization as best illustrated in Fe1.01−xCuxSe.
58 (ii)
the manifestation of TLTX and the associated metal-II
phase is conditioned by the strength of the attractive
term: if no or weaker superconductivity, then no TLTX
event.
Finally, based on the above-mentioned remarks, it is
easy to understand (i) why the resistivity behavior of
most Fe-based chalcogenides are neither truly metallic
nor truly insulating, (ii) why some events are not ex-
hibited in the reported resistivities of the as-prepared
or annealed/intercalated samples, and (iii) why the re-
ported superconducting and magnetic phase diagrams
are strongly influenced by sample conditions (compare
Figs. 2 and 3).
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